Hardie, 1996; Cook and Minke, 1999; Minke and Hardie, 2000).
, that Ca 2ϩ influx United Kingdom via TRP channels was required for refilling Ca 2ϩ stores and that the decay represented store depletion (Minke and Selinger, 1991 induced current (LIC) in trp decayed toward baseline inactivation (% reduction in response) correlated with the extent of the decay ( Figures 1C and 1D ). By contrast, with two distinct kinetic components: a rapid (subsecond) decay which appeared similar to, though slightly in normal Ca 2ϩ , brief stimuli (Ͻ1 s), which induced as much as 80% fast decay, resulted in relatively little loss slower than, the Ca 2ϩ -dependent inactivation seen in wild-type photoreceptors, and a much slower decay of sensitivity, which recovered quickly (Ͻ20 s), and only longer stimuli that induced slow decay resulted in signifiwhich returned the current to baseline over a period of 1-5 s (Figure 1 ; see also Figure 3 ). In most cases the cant long term inactivation. We quantified the intensity dependence of response entire decay time course could be well fitted by the sum of two exponentials, although at higher intensities a inactivation from similar data by plotting the residual sensitivity (S ϭ I/I max ) as a function of the intensity of the damped oscillation was often observed in the response waveform (e.g., Figure 1C 
from which
In the presence of Ca 2ϩ , brief stimuli (0.5 s) failed to induce any significant inactivation in trp beyond wildtype controls (not shown); with stimuli of long duration (3 s), the loss of sensitivity was fitted assuming each photon effectively inactivated ‫4.0ف‬ microvilli. In zero Ca 2ϩ , inactivation was independent of stimulus duration (between 0.5 and 5s), but enhanced 10-fold, each photon effectively inactivating ‫4ف‬ microvilli ( Figure 1E ; Table 1 ).
Kir2.1 Channels as Biosensors of PIP 2
Because we doubted whether the trp phenotype reflected Ca 2ϩ store depletion, we sought evidence for an alternative explanation, namely, depletion of PIP 2 -the substrate for the key effector enzyme in phototransduction. Support for this might be provided by biochemical measurements of microvillar PIP 2 , but such measurements would be technically challenging and difficult to relate to the in vivo trp decay. We therefore developed a strategy for monitoring PIP 2 dynamics in vivo. Specifically, we exploited the properties of the Kir2.1 inwardrectifier channel, the activity of which is believed to be primarily determined by binding to PIP 2 (Huang et al., 1998; Rohacs et al., 1999) . We expressed the human Kir2.1 channel in Drosophila photoreceptors under control of the rhodopsin (Rh1) promoter (see Experimental Procedures). The Kir2.1 transgene included an inframe EGFP tag, and predominant or exclusive expression in 
1998).
Following stimulation by light under control conditions, the IRK current showed at most a slight suppres-the LIC. In order to mimic the trp phenotype, the photoreceptors were exposed to La 3ϩ (40 M), which completely blocks the TRP channels while leaving TRPL channels unaffected, and quantitatively mimics diverse aspects of the physiological trp phenotype (e.g., Hochstrate, 1989; Hardie and Minke, 1992) . Under these conditions, the IRK current was now profoundly suppressed with an intensity dependence that closely matched that of trp decay and response inactivation (Figures 3B and 3D) . Light-induced ion fluxes are substantially reduced under these conditions, due to the block of TRP channels, leaving PIP 2 depletion as the most obvious explanation for the suppression of IRK. Following suppression, the IRK current recovered to preillumination levels over a period of ‫1ف‬ min (t 1/2 ϭ 32 Ϯ 5 s, n ϭ 11; see, e.g., Figure 4 ), presumably reflecting PIP 2 resynthesis.
Mutations in the PIP2 Recycling Pathway Prevent
Recovery from Inactivation PIP 2 is resynthesised by conversion of DAG to phosphatidic acid, synthesis of phosphatidylinositol (PI) via CDPdiacylglycerol, transport of PI to plasma membrane, and serial phosphorylation to PIP 2 (Batty et al., 1998). If trp decay and inactivation are due to PIP 2 depletion, then recovery from inactivation should be impaired in mutants of this pathway. We examined two such mutants, namely rdgB
KS222
, a severe hypomorph of PI transfer protein (PITP) (Vihtelic et al., 1993), and cds 1 , which lacks CDP-diacylglycerol synthase (Wu et al., 1995). As long as flies were strictly dark reared, we found that responses to moderate flashes in rdgB were indistinguishable from wild type under control conditions. In cds, peak amplitudes were slightly reduced ‫%05ف(‬ of wildtype controls) and time-to-peaks slightly delayed ‫07ف(‬ ms cf. 50 ms in wild type), probably indicative of reduced PIP 2 levels. Quantum bumps were indistinguishable from wild type in both mutants (data not shown).
To mimic the trp phenotype, rdgB or cds photoreceptors were exposed to La 3ϩ . A dim flash was delivered to test sensitivity, following which cells were challenged with a single 5 s stimulus of intensity just sufficient to induce full decay. While trp photoreceptors (or wild type , the IRK current in otherwise wildCa 2ϩ for long periods (Hardie and Minke, 1992), this type flies fully recovered with a half-time of ‫03ف‬ s (see might reflect differences between TRP and TRPL chanabove). In dark-reared rdgB;Kir flies after one flash of nels, such as their relative sensitivity to putative secondintensity and duration just sufficient to induce decay, messenger molecules or mechanism of inactivation. the IRK current was similarly suppressed but then recovTherefore, we asked, instead, whether the trp response ered by at most ‫%05ف‬ over a period of several minutes inactivation phenotype was mimicked in Ca 2ϩ -free solu-(n ϭ 6, Figure 4D ), probably reflecting some limited, tions. Sensitivity in wild type normally recovers to ‫%08ف‬ slow transfer of PI by residual RDGB protein in this of control levels within seconds of even the brightest hypomorph.
"inactivating" stimuli; however, in the absence of Ca 2ϩ , sensitivity was progressively reduced with increasing intensity, sensitivity recovering slowly with a time course Response Inactivation in Ca 2؉ -Free Solutions (t 1/2 ϭ 47 Ϯ 10 s, n ϭ 6; Figure 5B ) very similar to that Because the primary defect in trp mutants is the abfollowing response inactivation in trp or wild type in the sence of a Ca 2ϩ permeable channel, the simplest explapresence of La 3ϩ (t 1/2 ϭ 52 Ϯ 6 s, n ϭ 7; e.g., Figure 4A ). nation for the various manifestations of the trp phenotype would be the reduced Ca 2ϩ influx, in which case With inactivating flashes containing more than ‫000,02ف‬ for the PIP 2 dependence of Kir channels, it seems likely (Figure 7) . Responses recorded in the absence of Na ϩ that the near total suppression seen in the presence of decayed to baseline more quickly than under control La 3ϩ also represents near total depletion of microvillar conditions. We presume this represents enhanced Ca 2ϩ -PIP 2 and PI. Thus, firstly, the suppression of IRK currents dependent inactivation, but it was clearly no longer rewas invariably associated with profound loss of sensitivlated to the response inactivation and cannot be considity to light, entirely consistent with loss of substrate ered part of the trp phenotype because a similar decay (PIP 2 ) for phototransduction. Secondly, Kir2.1's affinity was seen in wild-type flies under these conditions (Fig- for PIP 2 is so high that it has not previously proven ure 7C). possible to suppress its activity by PLC activation (KoTo test whether PIP 2 depletion was prevented under brinsky et al., 2000). The high affinity for PIP 2 may also these conditions, we performed similar experiments in explain why IRK required slightly higher intensities for flies expressing Kir2.1 channels in the presence of La 3ϩ .
suppression than trp inactivation ( Figure 3D ), recovered As shown above, a stimulus of sufficient intensity and slightly more quickly (t 1/2 ϭ 32 s cf. ‫05ف‬ s for recovery duration to induce decay resulted in ‫%07ف‬ suppression of light response), and, unlike the response to light, of the IRK current indicating substantial loss of PIP 2 .
showed some limited slow recovery in rdgB hypoHowever, when Na ϩ /Ca 2ϩ exchange was blocked during morphs. the inactivating stimulus, IRK was suppressed by at most 10%-20% ( Figure 7D) 
